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Abstract 
Modularly assembled Zinc Finger Proteins (ZFPs) have been created to recognize a 
majority of three base pair target sites, yet, gaps exist in their ability to recognize 5’-TNN-3’ 
target sites. Utilizing the Homeodomain’s ability to bind thiamine and adenine rich sequences 
in combination with ZFPs, these recognition gaps can be resolved. Here, the composition of an 
inter-domain linker between a Homeodomain and a two finger ZFP was optimized to create 
chimeras that bind with high affinity and specificity.   
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Project Purpose 
 The purpose of this project was to optimize the linker region, with respect to amino acid 
length and composition, of a chimeric protein consisting of two zinc fingers fused to a 
homeodomain. This novel fusion DNA binding domain was created to expand the diversity of 
DNA sequence target sites currently limited by the recognition of 5’-TNN-3’ in zinc fingers. The 
linker region was optimized using the bacterial one-hybrid selection system from libraries 
containing 1-6 randomized amino acid residues.   
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Background 
 
Our ability to investigate the roles of specific genes in the context of biology and disease 
is limited by the tools and techniques at our disposal. Within the past two decades molecules 
essential for the regulation of gene expression have been repurposed to serve as tools for in vivo 
genetic editing. These regulatory elements, called transcription factors, led to the discovery of 
the principle of protein-mediated DNA recognition. Utilizing their DNA-binding domain, 
engineered proteins can be made to target and interact with specific sequences of DNA or other 
target ligands. By augmenting these DNA-binding domains with other self-stabilizing protein 
effector domains, genomes can be manipulated with high specificity.  
 
Zinc Fingers 
 
The work of Roeder, Brown, and Miller on transcription factor III A (TFIIIA) unveiled a 
highly specific interaction between a DNA-binding domain and its corresponding DNA target 
site. Their investigation led to the realization of a recurring substructure within TFIIIA called a 
Zinc Finger (ZF). The evidence for a substructure came from the results of a series of 
experiments. First, a high Zn content was noted, with each molecule of TFIIIA containing 
around 7-11 Zn atoms. Second, proteolytic digestion of the entire 40-kDa TFIIIA protein 
resulted in intermediate fragments which varied by 3-kDa. Third, an amino acid sequence of 
TFIIIA revealed a pattern of periodically repeating pairs of cysteines and histidines, known to be 
common ligands for Zn atoms. This research culminated in the discovery of 9 tandem repeats of 
30 amino acids in TFIIIA, matching the observed 3-kDa limit-digest fragments. These 
substructures each contained a Zn atom, as well as conserved pairs of cysteines and histidines. 
The observed motif within TFIIIA consisting of tandemly connected repeats became known as 
Zinc Fingers (ZFs) due to their Zn content and ability to grasp specific sequences of DNA (Klug 
2010). 
 
  The term ZF encompasses a vast superfamily of stable protein structures which are 
classified based on their composition and shape. ZF motifs are present in the transcription factors 
of animals, plants, fungi, and some species of bacteria (Wolfe 2000).  ZFs demonstrate the 
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ability to interface with a diverse set of targets which include DNA, RNA, lipid substrates, and 
other proteins. The ZF superfamily performs a myriad of functions, which, apart from DNA 
recognition include RNA packaging, transcriptional activation, regulation of apoptosis, protein 
folding and assembly, and lipid binding (Laity 2001). Adding to their variety, not all ZFs contain 
a central stabilizing Zn atom; other metal atoms such as Fe, and even salt bridges and disulfide 
bonds may replace the Zn atom. The diversity and adaptability of ZFs suggests that they started 
as stable protein domains from which gene duplication events created specialized paralogs that 
evolved to make specific interaction possible with a variety of different ligands (Laity 2001).  
  
Cys2His2 Zinc Fingers 
 
 Of several classes within the ZF superfamily, the best studied is the Cys2His2 type, 
which coincidentally is the same ZF motif found by Roeder and Brown in the substructure of 
TFIIIA. Cys2His2 ZF motifs are found in nearly half of the DNA-binding domains of human 
transcription factors (Razin 2012). Individually, Cys2His2 ZFs recognize three base pair sub-
sites on B-DNA. ZF modules are often tandemly connected with each other to recognize 
consecutive triplets of base pairs. ZF arrays containing only one or two ZFs are usually 
augmented with other protein folds to specify a target (Wolfe 2000). In nature, the number of 
tandemly connected ZFs can reach up to as many as 40 in a single ZF protein. Each ZF contains 
four key recognition residues located at specific positions. These residues are brought into direct 
contact with adjacent nucleotides in the DNA sequence as the ZF array winds around the DNA 
helix. This allows for a predictable relationship between the amino acid sequence of ZF arrays 
and the nucleotide sequence of target binding sites.  
 
  Cys2His2 Zinc Finger Structure 
 
The structure of a Cys2His2 ZF consists of two antiparallel β-pleated sheets connected to 
a right-handed α-helix. In Cys2His2 ZFs, individual finger modules are composed of a 25 amino 
acid core and a 5 amino acid linker region. Important features include a conserved pair of 
cysteines present on one β-pleated sheet, and a pair of histidines localized in the carboxy 
terminus of the alpha helix. These cysteine and histidine residues specifically function to 
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tetrahedrally coordinate the central Zn atom (Wolfe 2000). Additionally, three other conserved 
amino acids exist, Tyr6, Phe17, and Leu23. These residues are implicated in forming a 
hydrophobic core which further stabilizes the domain (Klug 2010). Between the second cysteine 
and the first histidine is a concentrated region of basic and polar residues which are involved in 
nucleic acid binding (Klug 2010). The overall consensus sequence of a Cys2His2 ZF is:  
(F/Y)-X-C-X2-5-C-X3-(F/Y)-X5-h-X2-H-X3-5-H, where X is any residue and h represents a 
hydrophobic residue (Wolfe 2000). Work by Nehaus’ showed that individual ZFs are structurally 
independent of each other by virtue of flexible linkers that connect consecutive ZFs (Klug 2010). 
ZFs have few conserved residues, this is due to the inherent stability provided by the Zn atom 
hydrophobic core (Wolfe 2000). 
 
Many studies have attempted to unravel the principles of DNA recognition by ZFs. In 
1991, Pavletich and Pabo revealed the precise residues involved in determining specificity. They 
described a 2.1-Å resolution crystal structure of Zif268, a prototypical Cys2His2 ZF found in 
mice, bound to its corresponding target oligonucleotide binding site (Pavletich 1991). Amino 
acid side chains found on the surface of the α-helix were discovered to make contact with three 
to four consecutive base pairs in the major groove of DNA through hydrogen bonding. (Wolfe 
2000). Three side chains located at helical positions -1, 3, and 6 and were shown to facilitate 
specific recognition with a triplet sub-site on a single strand of DNA. An additional residue at 
position 2 was also shown to interact with a base pair adjacent to the triplet sub-site on the 
opposite strand. Figure 1, below, demonstrates the DNA contacts made by these 4 key amino 
acid residues which confer specificity in a single ZF module 
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Figure 1: Representation of a Cys2His2 Zinc Finger indicating the stabilizing cysteine and 
histidine residues involved in coordinating the Zn atom. The figure depicts the overall ββα 
structure and the recognition helix residues at positions -1, 2, 3, and 6 involved in DNA 
recognition of a three base pair binding site with an adjacent base pair on the opposite strand. 
(Image taken from Klug, 2010). 
  
Mutagenesis studies in the recognition helix demonstrated that different combinations of 
key residues at positions -1, 2, 3, and 6 resulted in changes to binding site preference. The 
general principle of DNA binding by a ZF postulates a one-to-one interaction between the key 
amino acid residues from the recognition helix and the corresponding DNA base triplet (Klug 
2010). However, because the specificities of individual zinc fingers overlap, a result of residue 2 
cross strand interaction, ZFs in an array depend on contextual and positional factors that are 
difficult to predict (Liu 2001). Overall the Cys2His2 ZF domain is an ideal scaffold for targeting 
a variety of three base pair binding sites. This is due to the low amount of conserved residues 
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required to achieve stability, imparted by the Zn atom and hydrophobic core, and the ability to 
present amino acid side chains in a helical form (Wolfe 2000). 
 
Linkers between consecutive ZF modules permit arrays of ZFs to wrap around a double 
stranded DNA helix. In about half of all ZFs found in nature the linker contains the conserved 
amino acid sequence TGEKP. In this particular linker, binding of an individual ZF recognition 
helix to its target binding site causes the linker region to assume a rigid conformation. This 
function acts to limit the possible movements of neighboring ZFs, allowing them to optimally 
position themselves on their corresponding target sites (Wolfe 2000). This implicates that inter-
finger organization is critical in permitting in vivo functional ZF arrays.  
 
Creation of ZFPs and their limitations 
 
Several methods are currently used to assemble multi-finger ZF arrays, known as Zinc 
Finger Proteins (ZFPs). One method, called modular assembly, involves assembling 
precharacterized ZFs with known binding site specificities using recombinant DNA techniques. 
Although this method has resulted in creating successful ZFPs, context dependant interactions 
between adjacent fingers cause loss of specificity in some cases. Another method used called 
Context-dependant Assembly (CoDA) utilizes two finger modules to assemble larger ZFPs. The 
principle behind CoDA is to fuse together fingers using a common finger that does not interfere 
with the specificities of either of the adjacent fingers (Sander 2011). This method reduces the 
context dependant interactions experienced with modular assembly, but requires a large 
precharacterized library of two finger modules to select from. Figure 2, below, illustrates how 
CoDA is used to create ZFPs. Yet another method involves using Oligomerized Pool 
Engineering (OPEN) as a selection system on randomized libraries to fish for proteins that bind 
to a given binding site. Selections generally take much longer to create usable fingers, requiring 
high levels of user expertise, but result in higher affinity ZFPs with greater reliability. A trove of 
ZFPs have been characterized to date, either from nature, or created by one of the several 
methods mentioned above. While ZFPs are ideal in targeting guanine and cytosine rich 
sequences, they lack the ability to target a majority of thiamine and adenosine rich sequences. To 
date, ZFs targeting all 64 possible 5’ GNN 3’ base pair triplets have been created and tested in 
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vivo for functionality (Liu 2001). Most 5’-ANN-3’, 5’-CNN-3’ but few 5’-TNN-3’ triplets have 
been created (Dreier 2005). As a result, different approaches must be taken to create ZFPs 
capable of binding all three base pair target sites. 
  
 
Figure 2: Illustration of the Context Dependant Assembly (CoDA) method of creating ZFP 
arrays. Two separate two-finger modules with known characterized activities are paired to create 
a three-finger module. CoDA created ZFPs demonstrate greater reliability compared to modular 
assembled ZFPs. (Image taken from Sander, 2011).   
 
Applications of Zinc Fingers 
 Recombinant DNA engineering has permitted the fusion of a variety of protein effector 
domains alongside ZFPs, allowing the localization of functions granted by these domains to a 
highly specific site in vivo. Several types of domains have been attached and their effect at a 
targeted locus has been demonstrated in vivo, they include the KrabI repressor domain, the FokI 
nuclease domain, and the VP16 activation domain (Klug 2010). ZFPs have been used in the 
treatment of HIV by inhibiting the long terminal repeat of the HIV promoter. Alternatively, HIV 
was cured from a patient through the removal of the CCR-5 gene in patients’ hematopoietic stem 
12 
 
cells mediated by zinc finger nucleases (Holt 2010). ZFPs hold great promise in both biological 
research involving reverse genetics, as well as in the treatment of genetic disease. 
 
Homeodomains 
 
Homeodomains (HDs), after zinc fingers, are the second largest class of sequence 
specific transcription factors in humans and other metazoans. They are involved in regulating a 
variety of processes, including development and cell type-specification. Some examples of 
specific HD functions include mating type switching in yeast and embryonic patterning in 
metazoans (Chu 2012). They contain 60 amino acids folded into a structure consisting of three α-
helixes preceded by an N-terminal arm. Like ZFs, HDs interact with DNA through their third 
recognition helix, mediated by hydrogen bonding. HD recognize a five to seven base pair 
binding site via docking at both major and minor grooves of DNA (Noyes 2008).  
Extant HDs have been shown to demonstrate limited sequence diversity in the residues at 
the critical recognition helix positions (Chu 2012). Several determinants of sequence specificity 
have been determined, with some success in predicting the alteration of specificity from a change 
in a single residue (Chu 2012). A recent study investigating the potential to target all possible 
TAANNN target sites was able to create engrailed type HDs with randomized residues at the 
recognition helix targeting 44 of the 64 possible combinations (Chu 2012). The study focused on 
residues within the recognition helix, targeting only the last three base pairs of the target site 
(Chu 2012). HDs show promise in targeting a greater breadth of DNA sequences when 
specificity determinants at the N-terminal arm, responsible for targeting sequences at the two 
base pairs upstream in the target sequence, are resolved. Figure 3, below, depicts the key 
recognition residues involved in both the N-terminal arm and recognition helix. For these reasons 
HDs, alongside ZFs are ideal candidates to target a multitude of DNA sequences.     
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Figure 3: Cartoons depicting a homeodomain targeting its binding site. Residues at position 2, 3, 
and 5 on the N-terminal arm, and positions 47, 50, 51, and 54 on the recognition helix are 
responsible for determining specificity. 
 
Bacterial 1 hybrid system 
 The problem of defining the DNA specificity of a given transcription factor has been 
solved by several in vitro technologies. These include DNA immunoprecipitation using 
microarrays for detection, Systematic Evolution of Ligands through Exponential 
enrichment (SELEX), and Genome-wide chromatin immunoprecipitation (Meng 2005). All of 
these methods have constraints, either requiring high levels of expertise and proper facilities, or 
large time commitments devoted to multiple rounds of selection.  The bacterial one-hybrid 
(B1H) system is a method of rapidly determining the DNA-binding specificity of a particular 
transcription factor that requires little molecular biology expertise (Meng 2005).  
 The bacterial one-hybrid system is derived from the bacterial yeast one-hybrid system, 
with the advantage of higher transformation efficiency, allowing 100-fold greater sized libraries 
to be generated (Meng 2005). The interaction trap system from the yeast one-hybrid system is 
used to search combinatorial prey libraries containing the transcription factor for members that 
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interact with a target sequence in the bait (Meng 2005). The system incorporates two selective 
markers HIS3 and URA3; HIS3 is used to allow sequences recognized by the transcription factor 
to be isolated from libraries by transcriptional activation mediated by the tethering of the 
transcription factor to the ω-subunit of RNA polymerase. URA3 is used to remove self-activating 
sequences through counter-selection.  
 The B1H system consists of three components. The first is a 1352 ω-UV2 plasmid 
containing BamHI and KpnI restriction sites for cloning a library containing a randomized region 
of nucleotides tethered to the ω-subunit of RNA polymerase. The transcription factor is 
expressed as a carboxy-terminal fusion to the ω-subunit. Second, a pH3U3 vector containing a 
library of prospective binding sites upstream of a weak lac UV2 promoter, cloned between the 
EcoRI and NotI restriction sites. This promoter is responsible for regulating the transcription of 
the downstream HIS3 and URA3 genes. Thirdly, the selection strain used is the bacterial US0 
ΔhisB ΔpyrF ΔrpoZ. Figure X,below, depicts the components of the system. 
Figure 4: Schematic of the bacterial one-hybrid selection system as used in this project 
employed in optimizing the linker region within the transcription factor chimera.    
When the transcription factor fused to the ω-subunit is expressed it will recognize a DNA 
sequence within the reporter vector pH3U3, allowing the tethered RNA polymerase to drive 
expression of HIS3 and URA3 markers. Bacteria containing activated reporters are then isolated 
by growing the selections on minimal media that contains 3-amino-triazole (3-AT), a 
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competitive inhibitor of HIS3, and lacks histidine. The concentration of 3-AT within the media 
can be used to alter the stringency of the selection. (Meng 2005). 
 
Chimeric transcription factors in this project  
Fusing together different DNA binding domains into chimeric proteins can alleviate the 
limitations of individual binding domains. The inability to create engineered ZF modules that 
target a majority of 5’-TNN-3’ triplet sequences precludes using only ZFPs to target all possible 
sequences in a genome.  A multitude of well-characterized HDs exist that provide specific 
targeting to a variety of thiamine and adenine rich sequences, for this reason they are good 
candidates for creating chimeras with ZF modules. This project aimed to fuse fingers 2 and 3 of 
the characterized ZFP ZFNv1_5254 with a modified version of engrailed HD variant ATVKA 
using a randomized 1-6 amino acid linker. The target binding site, 5’-ACGGTAATCC-3’ 
includes two central overlapping base pairs that are common to both DNA binding domains. To 
optimize the linker region, a bacterial-1-hybrid selection system will be used. 
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Materials and Methods 
 
Construction of the homedomain-zinc finger (HD-ZF) linker library 
Coding sequences of fingers 2 and 3 of ZFNv1_5254, and of HD variant ATVKA (Chu et 
al. 2012) were obtained from pre-existing plasmid libraries. To incorporate the two transcription 
factors into a single chimera, separate DNA fragments containing the coding sequence for each 
domain were amplified by PCR. Primers were created to fuse the two fragments together using 
complimentary overhangs created by a BBS1 restriction site. Restriction sites BamH1 and Kpn1 
were installed into the 5’-most and 3’-most positions of the primers to enable cloning into the 
1352wUV2-kpn1-bamH1-stop vector as an omega fusion (p1352). This p1352 vector contained 
ampicillin resistance between the Acc65I and BamHI sites. Fragments corresponding in size to 
predicted band lengths were gel purified via Quiagen gel extraction kits. 
 Forward primers were designed to incorporate a randomized region for the linker and 
placed upstream of a consensus sequence specifying the finger 3 module sequence. This 
randomized region consisted of 1-6 three base pair repeats of NNS, where N is any base pair and 
S is either guanine or cytosine. Upstream of the linker region, a BBS1 restriction site was 
installed. A second primer, annealing to the end of the HD sequence was designed with a BBS1 
restriction site upstream of the HD sequence.  
Digestion with BBS1 created fragments with complimentary overhangs, allowing ligation 
using T4 DNA ligase with 1 mMol ATP to combine the fragments. PCR using the 5’ HD  and 3’ 
ZF primers mentioned and Sigma Taq polymerase was done to amplify the HD-ZF fragment. 
PCR conditions included a melting temperature of 60
o
C and an annealing temperature of 55
o
C 
and 23 cycles of extension. Restriction digestion of this HD-ZF fragment with KpnI (HF) and 
BamHI (HF) was done on both p1352 vector and the PCR-created insert. 
  A 5:1 insert to backbone ratio was used in the ligation using T4 DNA ligase and NEB 
buffer 4. Following 45 minutes of ligation, electrocompetent US0 cells were electroporated at 
1.75V and immediately resuspended in 5ml of SOC then recovered while rotating for 60 minutes 
at 37
o
C. Cells were then pelleted via centrifugation for 10 minutes at 3000rpm and then 
resuspended in 5mL 2xYT media. 5 10-fold serial dilutions were done using 5 uL of the 
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resuspended  cells on ampicillin plates to determine cell density. Cells were then plated on large 
150mm 2xYT plates containing 100ug/mL carbenicillin and incubated at 37
o
C for 12 hours.  In 
creating the plasmid libraries, cells were scraped from the carbenicillin plates and pooled into 1.5 
mL centrifuge tubes and 3 minipreparations using Quiagen kits were done to purify the plasmids.   
The library sizes oversampled the possible combinations of amino acids within the linker 
by greater than 5-fold for linker sizes of 1-4. Linker sizes of 5-6 were under sampled due to the 
requirement of 1.6 *10
8
 and 5*10
9
 individual colonies for complete representation. Figure 5, 
below, depicts the primers used in the assembly of the HD-linker-ZF chimeric DNA binding 
domain. 
 
Design of the target binding sites for the bacterial one-hybrid selections 
Target sites for use with the HD-ZF linker library selections were cloned between NotI 
and EcoRI site in pH3U3 (Noyes et al. 2008) by the direct ligation of the following 
phophorylated and annealed oligonucleotides: Top-13, Bot-13, Top-11,Bot-11, Top-8, Bot-8. 
Binding sites were created -8, -11, and -13 base pairs away from the -35 box promoter. 
Following ligation, plasmid was transformed into chemically competent XL1Blue cells and 
plated on 150mm 2xYT plates containing 100ug/ml kanamycin and incubated at 37
o
C overnight. 
~400 colonies above negative control were observed. Two colonies were selected for sequencing 
to confirm ligation. 
 
18 
 
 
Figure 5: Annotated primers used in the assembly of the HD-ZF DNA binding domain. 
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Results 
 Current methodology precludes the use of zinc finger proteins (ZFPs) in targeting all 
possible three base pair target sites. Combining ZFPs with other DNA binding domains aims to 
diversify the sequences capable of being targeted. This project attempts to bridge the gap in 
recognition by creating a chimeric DNA binding domain composed of a homeodomain (HD) 
fused to a 2 finger module ZFP. The overall chimeric protein consists of an HD-ZF fusion that 
will target the sequence 5’-ACGGTAATCC-3’. In order to select for the most optimal linker 
capable of allowing the chimeric transcription factor to bind to its target site, a library containing 
a 1-6 randomized amino acid region was generated to be used in the bacterial one-hybrid 
selection system. 
 Designing the chimeric protein required finding compatible binding domains with known 
specificities. A previously characterized two finger module consisting of fingers 2 and 3 from the 
three finger ZFP ZFNv1_5254 with binding site 5’-ACGGTA-3’ was selected as the ZF 
component of the chimeric protein. In this ZFP, finger 2 recognizes the target site 5’-GTA-3’, 
while finger 3 recognizes 5’-ACG-3’. A previously characterized engrailed type homeodomain 
variant known as ATVKA, with binding site specificity 5’-TAATCC-3’, was chosen as the 
homeodomain component. Residues within the homeodomains N-terminal arm are responsible 
for specifying the two base pairs at the beginning of the binding site. In the case of this 
homeodomain the N-terminal arm specifies the bolded letters in the overall binding site sequence 
5’-TAATCC-3’. Because the N-terminal arm binds at the minor groove, interference between the 
recognition helix of finger 2 of the ZFP and the homeodomain is not predicted to occur. For this 
reason, the two base pair overlap in the binding sites of the two domains was selected to be able 
to increase the overall affinity and selectivity of the chimeric protein for its binding site through 
recognition at both major and minor grooves of DNA. Figure 6 depicts the chosen domains along 
with their characterized binding site sequences. 
In designing the first iteration of the HD-ZF fusion protein, the original residue within the 
ATVKA homeodomain at position 5 of the N-terminal arm was changed from an arginine (R) to a 
lysine (K), effectively changing the specificity at the second base pair of the binding site to 5’-
TNATCC-3’ where N is any base pair. This edit from R to K increases the permissiveness of the 
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binding site sequence. This was done due to concerns of interaction between the N terminal arm 
and residue 2 of finger module 2 with the adjacent base pair on the opposite strand of its target 
site. Additionally, residues 1-4 of the N-terminal arm were removed to ensure that no 
interference occurred between the binding domains. Future iterations of the HD-ZF would seek 
to experiment with the composition of the N-terminal arm to further increase affinity and 
selectivity. 
Molecular modeling with Swiss-PdbViewer was used to generate a hypothetical model of 
the chimeric protein binding to its prospective binding site. Figure 7A depicts the model 
chimeric protein, indicating the linker region between the domains and the prospective binding 
site. The calculated distance between the C-terminus of the HD domain and the N-terminus of 
the ZFP in a prototypical binding site was estimated to be 4.43 angstroms. Figure 7B diagrams 
the gap between the two domains. From the knowledge that an amino acid spans the distance of 
roughly 1.5 angstroms, the estimated number of residues required to link the DNA binding 
domains in this chimeric protein is around 3 or 4. Utilizing the bacterial-1 hybrid system, an 
optimal linker will be selected with respect to length and composition from a randomized linker 
library of 1-6 amino acids.  
Assembling the chimeric protein containing a randomized linker region was 
accomplished by designing primers to fuse the different components together. Six different 
forward primers containing one to six repeats of an “NNS” sequence where “N” specifies any 
base pair and “S” specifies a guanine or cytosine were created. Using the principle of wobble, 
“S” at the third base pair allows all combinations of amino acids to be created while minimizing 
the total amount of unique oligonucleotides needed. Downstream of the randomized linker 
region in these primers a sequence complimentary to the start of the zinc finger module was 
placed to allow annealing between  the primer and the plasmid library containing the zinc finger 
modules. Fusion of the homeodomain to the linker region was mediated by a Bbs1 restriction 
site, installed upstream of the reverse primer for the HD domain. Additionally, a Bbs1 restriction 
site was placed upstream of the forward primer containing the randomized linker region. The 
Bbs1 site allows for the separate fragments of the HD and the linker region fused to the ZFP to 
anneal, allowing a single fragment containing HD-linker-ZF to then be created via PCR. Figure 8 
depicts the gel electrophoresis verification of the ligation of individual fragments containing the 
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HD module and a randomized single amino acid linker fused to the ZFP module into a single 
HD-ZF fragment. 
The bacterial one-hybrid selection system utilizes both a prey plasmid containing the 
transcription factor tethered to the omega subunit of RNA polymerase, and a bait plasmid 
containing the prospective binding site of the DNA binding domain upstream of the weak 
promotor to RNA polymerase. Assembly of the prey plasmid required ligating the HD-linker-ZF 
fragment into the cassette region of plasmid p1352. A Kpn1 restriction site was installed in the 
forward primer complimentary to the HD fragment and a BamH1 restriction site was installed in 
the reverse primer complimentary to the ZFP fragment. Using restriction digestion with BamH1 
and Kpn1 on the p1352 plasmid and the HD-linker-ZF fragment allowed the incorporation of the 
chimeric protein into the p1352 plasmid. In total, six plasmid libraries containing one to six 
randomized amino acid linkers between the HD and the ZF modules were constructed to be used 
in the bacterial one-hybrid selection system. 
Three variant binding sites were designed with varying distances between the binding site 
of the chimeric protein and the weak promotor of RNA polymerase. The binding sites location 
was spaced by 8, 11, or 13 base pairs upstream relative to the -35 box of the weak promoter UV2. 
In desiging the oligonucleotides to create the binding site, care was given to avoid the creation of 
psuedo sites and the addition of restriction sites. These spacings were selected due to their 
success in previous trials using the bacterial one-hybrid system. In the case of the 11 and 8 bp 
spacing, the binding site was created on the top strand relative to the TATA box while in the 13 
bp spacing the binding site was placed on the bottom strand. This is due to the alignment of the 
DNA binding domains to the major groove of the DNA within the binding site. Figure 9, below, 
depicts the binding sites relative to the TATA box. Oligonucleotides were dimerized and 
phosphorylated and then placed in the backbone of the pH3U3 plasmid.  
  In total six different plasmid libraries were created, each containing a unique number of 
amino acids in the 1-6 randomized amino acid linker region. Four clones from each library were 
sequenced via Sanger sequencing to verify the incoporation of randomized amino acids at the 
linker, shown in figure 10. Additionally, 3 binding sites were designed and ligated into the 
pH3U3 plasmid for use at bait plasmids in the bacterial one-hybrid system.  
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Discussion 
 
Through the creation of a chimeric DNA binding domain fusing two zinc finger proteins 
with a homeodomain, the range of possible DNA target sites able to be specified is expanded. 
The constraints of these domains, when used individually in targeting DNA, are mitigated by the 
complimentary advantages provided by combining them in unison. The randomized linker region 
spanning the two DNA binding domains, generated as a plasmid library, will allow the 
optimization of the linker, with respect to length and composition, through the bacterial one-
hybrid selection system. Furthermore, aspects of the design of this chimera, such as the sequence 
encoding the homeodomains N-terminal arm, are opened to further investigation. The binding 
domain created here will provide for a novel way to achieve highly specific DNA targeting while 
simplifying the process of attaching C-terminal nucleases and other effector protein domains. 
The design component of this project has been accomplished, however, optimization and 
selection of the linker region using the bacterial one-hybrid system remains to be completed. The 
1-6x(NNS) randomized linker library created in this project will be used in pursuing this goal. 
While the bacterial one-hybrid system will select for an optimal linker composition and length, 
further in-vivo testing of these linkers is required to assess their activity and ensure proper 
specificity for their target binding site. This testing can be accomplished by the addition of an 
effector protein domain to the DNA binding chimera.  
In addition to providing in vivo verification, attachment of an effector protein domain will 
allow the chimeric protein to provide a function in a site-specific manner. These protein effector 
domains, such as the endonuclease domain FokI and the KrabI repressor domain, allow 
repression, activation, or cleavage of a target gene. These functions can be utilized in the 
treatment of a genetic disease, or in the experimentation within model organisms of gene 
function and expression. Verification of activity in vivo can be determined by the lesion 
frequency at a specific site in the zebra fish model organism brought on by the FokI nuclease 
attached to the chimeric transcription factor.  
A possible clinical application of this novel binding domain is the gene therapy of single 
nucleotide polymorphisms (SNPs) associated with disease. The unique mechanism of binding 
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mediated by the homeodomain-zinc finger chimera in which a two-pronged approach is used in 
interaction with both the major and minor groove of a target site allows high degrees of 
specificity. In the case cystic fibrosis, which is currently without a cure, a point mutation is often 
present in the disease causing allele. Developing a method to differentiate between a normal 
allele and a disease causing allele would allow for gene therapy in cystic fibrosis and other 
diseases brought on by SNPs. 
The two pronged binding mediated by a chimeric homeodomain-zinc finger protein relies 
on the way in which the N-terminal arm of the homeodomain can be manipulated to bind to the 
minor groove of the zinc finger targeted sequence in order to achieve two pronged binding of 
DNA by a binding domain. Doing so will allow greater specificity for a given sequence by 
creating a binding domain with a higher affinity for its specific sequence. Current methods in 
gene editing lack the resolution required to differentiate between two alleles containing a SNP.  
The ability to target a single disease causing allele without cleavage of the second healthy allele 
allows knockout of the disease causing allele without disrupting the healthy allele. 
The chimeric protein designed in this project contains a non-functional N-terminal arm 
within the homeodomain element. In naturally occurring homeodomains, the N-terminal arm 
binds DNA at the minor groove, specifying the two base pairs at the beginning of the consensus 
sequence for a homeodomains target site. The individual binding domains fused together in this 
chimeric protein each target an overlapping two base pair region within the overall binding site. 
The zinc finger recognition helix targeting the sequence 5’-GTA-3’ combined with the 
homeodomains N-terminal arm, specifying the 5’-TAATCC-3’ contains the overlapping 
sequence. Through binding at both the major groove and at the minor groove, a greater binding 
affinity and specificity at this site is achieved. By changing the recognition specificity of this two 
base pair sequence, mediated by residues within the N-terminal arm and zinc finger recognition 
helix, different combinations of base pairs at site can be targeted from both the minor and major 
grooves. This level of specificity and affinity can be utilized to distinguish between SNPs within 
two alleles, something that current methods have failed to accomplish. 
 The chimeric transcription factor created in this project provides a way to alleviate some 
of the limitations inherent in using zinc fingers alone to target a desired DNA binding site. The 
strategy presented here, in combining multiple DNA binding domains together, opens up an 
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exciting realm of possibilities for the targeting of all possible natural and artificial DNA 
sequences, as well as the future potential to distinguish between SNPs in order to further expand 
gene therapy options. 
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Figures 
 
 
Figure 6: Position Weight Matrixes of the zinc finger protein ZFNv1_5254 (nf1b 5254) and 
homeodomain ATVKA used in the creation of the chimeric protein in this project, indicating their 
respective binding site specificities.   
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 Figure 7: (A) Molecular modeling using Swiss-PdbViewer depicts the predicted conformation 
of the homeodomain-zinc finger chimeric protein along with the binding sequence and 
randomized linker region. (B) The predicted distance between the N-terminus of the zinc finger 
protein and the C-terminus of the homeodomain, estimated at 4.43 angstroms, shown to be 
bound to their characterized binding site.  
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Figure 8: Agarose gel depicting the individual fragments containing the homeodomain and zinc 
finger protein encoding genes along with a combined homeodomain-zinc finger protein fragment 
amplified via PCR. 
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Figure 9: Creation of binding sites for the bait plasmid within the bacterial one-hybrid selection 
system. Binding sites, indicated in green, consisting of 5’-ACGGTAATCC-3’, spaced 8, 11, or 
13 base pairs upstream from the -35 box, indicated in yellow, of the weak promotor for RNA 
polymerase. 
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Figure 10: Alignment of the translated linker region containing members from each of the 1-6 
amino acid linker libraries. Rows 1-4 are 6 amino acid linkers. Rows 5-8 are 3 amino acid 
linkers. Rows 9-12 are 4 amino acid linkers. Rows 13-16 are 5 amino acid linkers. Rows 17-19 
are 2 amino acid linkers. Rows 20-24 are 1 amino acid linkers.  
30 
 
 
Bibliography 
 
Ades, S. (1995). The Engrailed Homeodomain: Determinants of DNA-Binding Affinity  
and Specificity. Massachusetts Institute of Technology. Department of Biology. 
 
Chu, S., Noyes, M., Christensen, R. (2012). Exploring the DNA-recognition potential of  
homeodomains. Genome Res. 22: 1889-1898. 
 
Dreier, B., et al. (2005). Development of Zinc Finger Domains for Recognition of the 5’-CNN-3’  
Family DNA sequences and Their Use in the Construction of Artificial Transcription  
Factors. Journal of Biological Chemistry. 280: 35588-35597. 
 
Dreier, B., et al. (2001). Development of Zinc Finger Domains for Recognition of the 5’-ANN-3’  
Family of DNA Sequences and Their Use in the Construction of Artificial Transcription  
Factors. Journal of Biological Chemistry. 276: 29466-29478. 
 
Holt, N., Wang, J., Kim, K., Friedman, G., et al. (2010). Human hematopoietic stem/progenitor  
cells modified by zinc-finger nucleases targeted to CCR5 control HIV-1 in vivo. Nature 
Biotechnology. 28:839-847. 
 
Kim, H., Lee, H., Kim, H., Cho, S., Kim, J. (2009). Targeted genome editing in human cells with  
zinc finger nucleases constructed via modular assembly.  Genome Research. 19:1279- 
1288. 
 
Klug, A., (2010). The Discovery of Zinc Fingers and Their Applications in Gene 
Regulation and Genome Manipulation. Annu. Rev. Biochem. 79:213--231. 
 
Laity, J., Lee, B., Wright, P. (2001). Zinc finger proteins: new insights into structural and  
functional diversity. Current Opinion in Structural Biology. 11: 39-46. 
 
Liu, Q., Xia, Z., Case, C.. (2002). Validated Zinc Finger Protein Designs for All 16 GNN DNA  
Triplet Targets. Journal of Biological Chemistry. 277: 3850-3856. 
 
McMahon, M., Rahdar, M., Porteus, M. (2012). Gene editing: not just for translation anymore.  
Nature Methods. 9: 28-31. 
 
Meng, X., Brodsky M., Wolfe S (2005). A bacterial one-hybrid system for determining 
the DNA-binding specificity of transcription factors. Nature Biotechnology. 23: 
988-944. 
 
Meng, X., Wolfe, S. (2006). Identifying DNA sequences recognized by a transcription 
factor using a bacterial one--hybrid system. Nature Protocol 1: 30--45. 
 
31 
 
Morton, J., Davis, M., Jorgensen, E., Carroll, D. (2006). Induction and repair of zinc-finger  
nuclease-targeted double-strand breaks in Caenorhabditis elegans somatic cells. PNAS  
103(44): 16370-16375.  
 
Noyes, M., Christensen, R., Wajabayashi, A., Stormo, G., Brodsky, M., Wolfe, S.. (2008).  
Analysis of Homeodomain Specificities Allows the Family-wide Prediction of Preferred  
Recognition Sites. Cell. 133:1277-1289. 
 
Papworth, M., Kolasinska, P., Minczuk, M. (2005). Designer Zinc--finger proteins and their 
applications. Gene 366: 27--38. 
 
Razin, S., Borunova, V., Maksimenko, O., Kantidze, O. (2012). Cys2His2 Zinc Finger Protein  
Family: Classification, Functions, and Major Members. Biochemistry (Moscow). 77: 217-
226.  
 
Sander, J., Dahlborg, E., Goodwin, M., Cade, L., et al. (2011). Selection-Free Zinc-Finger  
Nuclease Engineering by Context Dependent Assembly (CoDA). Nature Methods 8(1):  
67-69. 
 
Wolfe, S., Nekludova L., Pabo C., (2000) DNA Recognition by Cys2His2 Zinc Finger 
Proteins. Annu. Rev. Biophys. Biomol. Struct. 29: 183-212. 
 
Zhu, C., et al. (2011). Evaluation and application of modularly assembled zinc-finger 
 nucleases in zebrafish. Development 138: 4555--4564. 
